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Tissue transglutaminase (TG2) enables survival of
human malignant pleural mesothelioma cells in
hypoxia
Sara Zonca1, Giulia Pinton1, Zhuo Wang2, Maria Felicia Soluri3, Daniela Tavian4, Martin Griffin2, Daniele Sblattero5 and Laura Moro*,1
Malignant pleural mesothelioma (MPM) is an aggressive tumor linked to environmental/occupational exposure to asbestos,
characterized by the presence of significant areas of hypoxia. In this study, we firstly explored the expression and the role of
transglutaminase 2 (TG2) in MPM cell adaptation to hypoxia. We demonstrated that cells derived from biphasic MPM express the
full-length TG2 variant at higher levels than cells derived from epithelioid MPM and normal mesothelium. We observed a significant
induction of TG2 expression and activity when cells from biphasic MPM were grown as a monolayer in chronic hypoxia or packed
in spheroids, where the presence of a hypoxic core was demonstrated. We described that the hypoxic induction of TG2 was HIF-2
dependent. Importantly, TGM2-v1 silencing caused a marked and significant reduction of MPM cell viability in hypoxic conditions
when compared with normoxia. Notably, a TG2-selective irreversible inhibitor that reacts with the intracellular active form of TG2,
but not a non-cell-permeable inhibitor, significantly compromised cell viability in MPM spheroids. Understanding the expression
and function of TG2 in the adaptation to the hypoxic environment may provide useful information for novel promising therapeutic
options for MPM treatment.
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Malignant pleural mesothelioma (MPM) is an aggressive
tumor linked to exposure to asbestos fibers, arising from
mesothelial surfaces of the pleural cavity.1,2 Asbestos-related
diseases develop slowly and are often diagnosed in their later
stages, preventing many patients from achieving treatment at
the most crucial point of disease progression.3
Very few patients are eligible for curative surgical resection,
and radiation therapy has also demonstrated poor results,
rendering chemotherapy the treatment of choice.4
Standard chemotherapeutic regimens in MPM are the
combination of pemetrexed and cisplatin or carboplatin.
Nevertheless, MPM is often refractory to chemotherapeutic
agents, and treatment intent is mostly palliative.5–7
It is therefore necessary to acquire new insights into the
pathobiology of this disease to improve diagnosis and provide
targets for more effective therapeutic strategies.
Transglutaminase 2 (TG2) is the first identified member of a
family of structurally and functionally related proteins widely
distributed in different tissues and cell types.8
TG2 catalyses the Ca2+-dependent post-translational mod-
ifications of proteins by introducing covalent bonds between
free primary amine groups and peptide bound glutamine
residues. It also displays GTPase, ATPase, protein kinase and
protein disulfide-isomerase activity.9–12 In addition, TG2
mediates the interaction of integrins and syndecans13 with
fibronectin and crosslinks proteins of the extracellular matrix,
when it is externalized from cells.14 TG2 overexpression has
been observed in many tumors, including pancreatic, breast,
colon, ovarian, non-small cell lung cancers, glioblastoma and
melanoma,15–20 whereas no data are present in literature
concerning its expression and function in MPM.
Increased expression of TG2 in cancer cells has been linked
to drug resistance, metastasis and poor patient survival.21
Under physiological conditions, in the intracellular environ-
ment, there is low Ca2+ and a high GTP/GDP ratio and TG2 is
in an inactive form.22 Under stress conditions, TG2 can be
regulated by the activation of several signaling pathways or
epigenetic mechanisms.23 It has been demonstrated that
induced TG2 expression confers a growth advantage to
cancer cells to survive in hypoxic conditions.24 Hypoxia can
promote tumor progression and resistance to the effects of
chemotherapy and radiation; however, it is well known that it
can also inhibit tumor cell proliferation.25,26 Cellular adaptation
to micro-environmental hypoxia lets tumor cells undergo some
changes, including metabolic transformation. These adaptive
responses are mainly driven by HIFs, the hypoxia-inducible
transcription factors. HIFs are heterodimers comprising one of
three major oxygen labile HIF-α subunits (HIF-1α, HIF-2α or
HIF-3α) and a constitutive HIF-1β subunit (also known as aryl
hydrocarbon receptor nuclear translocator or ARNT), which
together form the HIF-1, HIF-2 and HIF-3 transcriptional
complexes, respectively.27 Intriguingly, it appears that in some
cell lines, HIF-1 drives the initial response to hypoxia while
during chronic hypoxic exposure it is HIF-2 that has the major
role in driving the hypoxic response.28–30 Recent studies
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confirmed thatMPM is a tumor with significant hypoxic areas in
the dominant tumor masses.31
TG2 has been described as undertaking important roles in
tumorigenesis, tumor differentiation and invasion, however a
role for TG2 in MPM has not been reported yet. In this study,
we measured TG2 expression and enzymatic activity in MPM
cell lines in the adaptation to the hypoxic environment.
Results
Constitutively spliced full-length TG2 is highly expressed
in MPM cell lines. The expression levels of the constitutively
spliced full-length TGM2-v1 and of four TGM2 variants (TGM2-
v2, v3, v4A, v4B), generated by alternative splicing,32 were
evaluated by real-time PCR in mesothelium and MPM derived
cell lines.
We demonstrated, by real-time PCR experiments, that the
constitutively spliced TGM2-v1 transcripts were increased in
REN and MSTO-211H cells, derived from epithelioid and
biphasic MPMs (9-fold and 22-fold increase, respectively) if
compared with mesothelial MET5A cells (Figure 1a). Notably,
the increased expression of the full-length TG2 in tumor cells
was confirmed at protein level, by western blot analysis
(Figure 1b).
TG2 expression and enzymatic activity increase and
prevent MSTO-211H cell death in hypoxia. To investigate
whether TG2 has an important role in MPM derived cells in
normoxic or hypoxic environments, we transiently transfected
TG2 siRNA into MSTO-211H cells, which express the highest
levels of the protein.
As shown in Figure 2a, TGM2-v1 silencing significantly
compromised cell viability in hypoxia, while exerting only a
moderate effect in normoxic condition. By western blot
analysis, shown in Figure 2b, we confirmed silencing and
evidenced an increase in PARP1 cleavage along with reduced
AKT phosphorylation in cells silenced for TGM2-v1, when
grown in hypoxia. On the contrary, we observed increased
proliferation in MSTO-211H cells transfected with an expres-
sion vector coding for (GFP)-TG2, cultured in hypoxia
(Supplementary Figure S1A and B). We next measured the
expression of TGM2-v1 transcript in MSTO211-H cells
cultured in normoxic or hypoxic conditions. TG2 was found
to be significantly upregulated at mRNA and protein level after
48 h of cell culture in hypoxia, when compared with normoxia
(Figure 2c and d). Furthermore, we assessed the transamidat-
ing activity in both conditions by incorporation of 5-(biotina-
mido)pentylamine (BAP) into proteins. As shown in Figure 2e,
transamidating activity was significantly enhanced in
MSTO-211H cells grown 48 h in hypoxic conditions compared
with cells grown in normal atmospheric oxygen concentration.
TG2 induced expression and its role in enabling cell survival in
hypoxia were observed in MET5A and REN cells too
(Supplementary Figure S2A and B).
TG2 expression depends on HIF-2 and is induced in the
hypoxic core of MSTO-211H spheroids. As observed by
us and reported in literature,30 HIF-2 has the major role in
driving response to chronic hypoxia. We tested the effect of
EPAS1 silencing on TGM2-v1 expression in MSTO-211H
cells cultured 48 h in hypoxia. Data, shown in Figure 3a,
confirm that the induction of TG2M-v1 expression was
dependent on HIF-2α. The EPAS1 induction in hypoxia and
its silencing were confirmed by semi-quantitative RT-PCR
(Figure 3b). Next, we cultured MSTO-211H cells, for 24, 48 or
72 h, as multicellular 3D spheroids. EPAS1 expression and
HIF-2α localization in the hypoxic core of spheroids at 72 h
were confirmed by RT-PCR and immunofluorescence stain-
ing with specific antibodies (Figure 3c and d). Parallel
induction of TGM2-v1 at 72 h in spheroids was assessed by
real-time PCR (Figure 3e). As shown in Figure 3f and g,
western blot analyses confirmed that both TG2 expression
and transamidating activity increased in spheroids at 72 h
compared to spheroids at 24 h. TG2 localization in spheroids
at 72 h was analyzed by immunofluorescence staining with
specific antibodies (Figure 3d).
TG2 silencing or intracellular inhibition compromises the
MSTO-211H cell viability in multicellular spheroids. We
next examined the effect of TGM2-v1 silencing in
MSTO-211H spheroids. As shown in Figure 4a, TGM2-v1
silencing significantly compromised cell viability in spheroids
that appeared reduced in size and dark in light microscopy.
Furthermore, TGM2-v1 silencing induced PARP1 cleavage
and reduced AKT phosphorylation, after 72 h (Figure 4b).
Remarkably, these results were reproduced by the use of
25 μM 1–155, a cell-permeable selective TG2 inhibitor
(Figure 4d and e), whereas no evident effects were observed
after incubation of spheroids with 25 μM of the non-cell-
permeable TG2 inhibitor R281 (Figure 4g and h). Further-
more, we assessed the transamidating activity in all
Figure 1 TG2 expression in mesothelium and mesothelioma derived cell lines.
(a) Real-time PCR analysis of TGM2-v1, TGM2-v2, TGM2-v3, TGM2-v4A and
TGM2-v4B mRNA in MET5A, REN and MSTO-211H cells. 18S rRNA was used as
housekeeping gene. Each bar represents mean of three independent experiments
±S.D. *P≤ 0.05, **P≤ 0.01. (b) Representative western blot analysis of TG2
expression in MET5A, REN and MSTO-211H cells. Tubulin was used as loading
control
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conditions, by incorporation of the competitive amine
substrate BAP into proteins. As shown in Figure 4c and f,
transamidating activity was significantly reduced in
MSTO-211H spheroids silenced for TG2 expression or
treated with 1–155 inhibitor, whereas it was not compromised
by incubation with the R281 inhibitor at the same concentra-
tion (Figure 4i). Transamidating activity was however abol-
ished when spheroids were incubated with a ten times (i.e.,
250 μM) higher dose of R281 (Supplementary Figure S3A),
even though neither spheroids viability nor PARP cleavage or
AKT phosphorylation resulted compromised (Supplementary
Figure S3B and C).
Discussion
In this study, we firstly describe that tumor cell lines derived
from MPM patients express higher basal levels of TG2
compared with normal mesothelial cells. Furthermore, we
show that in cells derived from biphasic MPM, the levels of
expressed TG2 and transamidating activity significantly
increase in response to chronic hypoxia.
Hypoxia is a common feature of solid tumors and is
associated with disease progression as well as resistance to
radiotherapy and chemotherapy.33,34 However, the presence
of hypoxic areas is a feature of cancer that can be exploited for
designing rational therapeutic approaches.35
Recently published data on hypoxia imaging provided
evidence that human MPMs are characterized by the
presence of significant areas of hypoxia.31 Differently from
other tumors in which the hypoxic condition induces epithelial-
mesenchymal transition and invasion,36,37 we have recently
described that hypoxia causes the switch from spindle to
epithelioid phenotype, along with reduced growth rate, in cells
derived from biphasic MPM.38
TG2 has crucial roles in a number of both physiological and
pathological events, which involve modifying its substrate
proteins.39 Numerous studies that investigated the putative
role of TG2 in cancers described the dual role of the protein
acting either as a facilitator or attenuator of cell proliferation.40
The evidence that TG2 is activated by reactive oxygen species
implies TG2 acts as a stress responder that may confer a
growth advantage to cancer cells to survive in micro-
environmental hypoxia.41
Figure 2 TG2 expression and enzymatic activity increase and prevent MSTO-211H cell death in hypoxia. (a) Bar graph shows the percentage of viable MSTO-211H cells
transfected with siRNA specific for TGM2-v1 (TG2 siRNA) versus non-specific siRNA (NS siRNA), cultured 48 h in normoxia (N) or hypoxia (H). Each bar represents mean of
three independent experiments± S.D. *P≤ 0.05, **P≤ 0.01. (b) Representative western blot analysis of PARP1, cleaved PARP1, pAKTand TG2 expression in MSTO-211H cells
transfected with non-specific siRNA (NS siRNA) or siRNA specific for TGM2-v1 (TG2 siRNA) and cultured 48 h in normoxia (N) or hypoxia (H). Tubulin was used as loading
control. (c) Real-time PCR analysis of TGM2-v1 mRNA in MSTO-211H cells cultured 48 h in normoxia (N) or hypoxia (H). 18S rRNA was used as housekeeping gene. Each bar
represents mean of three independent experiments±S.D. *P≤ 0.05. (d) Representative western blot analysis of TG2 expression in MSTO-211H cells cultured 48 h in normoxia
(N) or hypoxia (H). Tubulin was used as loading control. (e) Representative western blot of the TG2-catalyzed incorporation of 5-(biotinamido) pentylamine (BAP) into proteins in
MSTO-211H cells cultured 48 h in normoxia (N) or hypoxia (H)
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To investigate the effect of TG2 onMPMcells under hypoxia,
we established MPM hypoxic cell models in vitro, by placing
cells in an environmentally controlled chamber in which
oxygen levels in the gas phase were maintained at 1%.
Furthermore, we used multicellular spheroid as a 3D model
that accurately reproduces the oxygen and nutrient distribu-
tion of avascular tumor masses and measured the expression
and activity of TG2 at different time points. The results indicate
that, together with the enhanced expression of TG2 mRNA
and protein, transamidating activity also increased under
prolonged hypoxia.
The response to hypoxia is primarily mediated by the family
of HIF transcription factors, regulated by the oxygen-sensing
HIF hydroxylases.42 HIF-2α was initially identified as the
Figure 3 TG2 expression depends on HIF-2 and is induced in the hypoxic core of MSTO-211H spheroids. (a) Real-time PCR analysis of TG2M-v1 mRNA in MSTO-211H
cells transfected with non-specific siRNA or specific for EPAS1 (siRNA EPAS1) and cultured 48 h in normoxia (N) or hypoxia (H). 18S rRNA was used as housekeeping gene.
Each bar represents mean of three independent experiments± S.D. *P≤ 0.05. (b) Representative quantitative RT-PCR analysis of EPAS1 in MSTO-211H cells transfected with
non-specific control siRNA or EPAS1 specific siRNA (siRNA EPAS1) and cultured 48 h in normoxia (N) or hypoxia (H). 18S rRNA was used as housekeeping gene. (c)
Representative quantitative RT-PCR analysis of EPAS1 in MSTO-211H cells grown for 24, 48 or 72 h as spheroids (pools of 5). 18S rRNA was used as housekeeping gene. (d)
Phase contrast images and immunofluorescence analysis of HIF-2α and TG2 spatial distribution in MSTO-211H spheroids at 72 h, evidenced by FITC-conjugated secondary Abs
(×200 magnification). Bar equals 100 μM. (e) Real-time PCR analysis of TG2M-v1 mRNA in MSTO-211H cells grown 24, 48 or 72 h as spheroids. 18S rRNA was used as
housekeeping gene. Each bar represents mean of three independent experiments± S.D. *P≤ 0.05. (f) Representative western blot analysis of TG2 expression in MSTO-211H
cells grown 24 or 72 h as spheroids. Tubulin was used as loading control. (g) Representative western blot of the TG2-catalyzed incorporation of 5-(biotinamido) pentylamine
(BAP) into proteins in MSTO-211H cells grown 24 or 72 h as spheroids
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endothelial PAS domain protein, but it is also expressed in
many other tissues and exerts a widespread role in driving the
response during chronic hypoxia exposure.30
Our data demonstrate that TG2 expression is under the
control of HIF-2 and is crucial for the hypoxia response ofMPM
cells. In fact, gene silencing revealed only a minor role for TG2
in normoxia, whereas under hypoxic conditions cell viability
was severely compromised.
The reduction in AKT phosphorylation, along with the
increase in PARP1 cleavage, observed in both TGM2-v1-
silenced cells and 1–155 treated cells under hypoxia, is
suggestive of induced apoptosis. However, the regulatory
mechanisms of TG2 in cell death require additional studies.
Interestingly, downregulation of TG2 expression also occurred
in the 1–155 treated cells, suggesting that TG2 activity can
regulate its own expression in the MPM cells by a positive
Figure 4 TG2 silencing or intracellular inhibition compromises the MSTO-211H cell viability in multicellular spheroids. (a) Phase contrast images (×200 magnification) of
MSTO-211H cells transfected with non-specific siRNA (NS siRNA) or specific for TGM2-v1 (TG2 siRNA) and grown 72 h as spheroids. Bar equals 100 μM. (b) Representative
western blot analysis of PARP1, cleaved PARP1, pAKTand TG2 expression in MSTO-211H cells transfected with non-specific siRNA (NS siRNA) or specific for TGM2-v1 (TG2
siRNA) and grown 72 h as spheroids. Tubulin was used as loading control. (c) Representative western blot of the TG-catalyzed incorporation of 5-(biotinamido) pentylamine
(BAP) into proteins in MSTO-211H transfected with non-specific siRNA (NS siRNA) or specific for TGM2-v1 (TG2 siRNA) and grown 72 h as spheroids. (d) Phase contrast
images (×200 magnification) of MSTO-211H cells grown 72 h as spheroids± 25 μM 1–155. Bar equals 100 μM. (e) Representative western blot analysis of PARP1, cleaved
PARP1, pAKTand TG2 expression in MSTO-211H cells grown 72 h as spheroids± 25 μM 1–155. Tubulin was used as loading control. (f) Representative western blot of the
TG2-catalyzed incorporation of BAP into proteins in MSTO-211H cells grown 72 h as spheroids± 25 μM 1–155. (g) Phase contrast images (×200 magnification) of MSTO-211H
cells grown 72 h as spheroids± 25 μMR281. Bar equals 100 μM. (h) Representative western blot analysis of PARP1, cleaved PARP1, pAKTand TG2 expression in MSTO-211H
cells grown 72 h as spheroids± 25 μM R281. Tubulin was used as loading control. (i) Representative western blot of the TG2-catalyzed incorporation of BAP into proteins in
MSTO-211H cells grown 72 h as spheroids± 25 μM R281
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feedback mechanism. Such mechanisms involving either the
activation of TGF-β or NF-kB by TG2, which in turn regulate
TG2 expression have been reported by others and recently
reviewed by Huang et al.41
Furthermore, the significantly impaired transamidating
activity, observed in MSTO-211H spheroids silenced for
TGM2-v1 expression, is suggestive that the observed enzy-
matic activity is mainly mediated by this TG isoform.
Notably, the treatment with 1–155, a TG2-selective irrever-
sible inhibitor that can react with the intracellular active form of
the enzyme, significantly compromised MPM cell viability when
grown as spheroids. Moreover, it has been described that this
small-molecule inhibitor, which can react with TG2 inside the
cell, holding the enzyme in its open conformation, prevents its
export and translocation into the ECM, events which are
paralleled by a reduction in the deposition of the FNmatrix.43,44
Further studies, using high doses of the non-cell-permeable
R281 inhibitor, confirmed that the extracellular TG2-trans-
amidating activity does not have a role in preventing MPM cell
apoptosis under hypoxic stress. As recently suggested,45,46 our
data indicate that TG2 could act as a signaling/scaffold protein or
mediate some kind of activity that requires the closedGTP bound
conformation. However, at the moment we cannot fully rule out a
role for intracellular TG2-transamidating activity as it was
monitored by detecting BAP incorporation and we have no direct
evidence that this agent is cell permeating in our cell model.
In summary, our findings demonstrate that the expression
and function of TG2 has an important role in the adaptation of
MPMcell to hypoxia and therefore inhibition of TG2may provide
a novel therapeutic avenue for the treatment of this disease.
Materials and Methods
Reagents and antibodies. The polyclonal antibody specific for pAKTand the
monoclonal antibodies specific for PARP1, HIF-2α and α-tubulin were purchased
from Santa Cruz Biotechnology (Santa Cruz CA, USA). Anti-mouse and anti-rabbit
IgG peroxidase or fluorescein isothiocyanate (FITC)-conjugated antibodies and
chemical reagents were from Sigma-Aldrich (St Louis, MO, USA). Enhanced
chemiluminescence (ECL), nitrocellulose membranes and protein assay kit were
from Bio-Rad (Hercules, CA, USA). The monoclonal antibody specific for TG2
(TG100), culture media, sera, antibiotics and LipofectAMINE transfection reagent
were from Thermo Fisher (Waltham, MA, USA). The highly selective TG2 inhibitors,
1–155 (cell-permeable) and R281 (non-cell-permeable), were designed and
synthesized as previously documented.47,48
Cell cultures and transfection. The mesothelium derived MET5A and the
biphasic MPM MSTO-211H cell lines were obtained from the Istituto Scientifico Tumori
(IST) Cell-bank, Genoa, Italy; the epithelioid MPM REN cell line was isolated,
characterized and kindly provided by Dr Albelda SM (University of Pennsylvania,
Philadelphia; PA, USA). Cells were grown in standard conditions in RPMI medium
supplemented with 10% FBS, 100 μg/ml streptomycin and 10 μg/ml penicillin at 37 °C
in a humidified environment containing 5% CO2. Cell cultures under hypoxic conditions
were performed in 1% O2 gas mixture using a modulator incubator chamber.
Mycoplasma infection was excluded by the use of Mycoplasma PlusTM PCR Primer
Set kit from Stratagene (La Jolla, CA, USA). Cells grown to 80% confluence in tissue
culture dishes were transiently transfected with negative control or specific siRNAs
(1027416, 1027416) from Qiagen (Hilden, Germany) using LipofectAMINE reagent as
described by the manufacturer. Following treatments, cells were trypsinized and stained
with Trypan blue. The number of cells considered viable (unstained cells) was counted
in a Bürker haemocytometer within 5 min after staining.
Multicellular spheroids. Multicellular spheroids were generated in non-
adsorbent round-bottomed 96-well plates, as previously described.49 The 96-well
plates were coated with a 1 : 24 dilution of polyHEMA (120 mg/ml) in 95% ethanol
and dried at 37 °C for 24 h. Before use, plates were sterilized by UV light for 30 min.
For generation of multicellular spheroids, 5 × 103 cells were added into each well of
polyHEMA-coated 96-well plate and placed in a 37 °C humidified incubator with 5%
CO2. Every 24 h, 50% of supernatant was replaced with fresh medium± 1–155 or
R281 TG2 inhibitors (at final concentration of 25 μM).
Immunofluorescence staining. Cell spheroids were fixed in 4% paraf-
ormaldehyde, permeabilized with 0.5% Triton X-100 in PBS and blocked in 3% BSA/
PBS 10% FBS. The primary antibodies (mouse anti-HIF-2α or mouse anti TG2;
1 : 100) were incubated for 2 h at 4 °C. The fluorescent secondary antibody (rabbit
anti-mouse IgG antibody conjugated with FITC; 1 : 100) was added and incubated for
1 h at 4 °C. The cell nuclei were counter-stained with 4′,6-diamidino-2-phenylindole.
Fluorescent images were captured using a Leica MB5000B microscope equipped with
a DFC480 R2 digital camera and a Leica Application Suite (LAS) software.
Cell lysis and immunoblot. Cells were extracted with 1% NP-40 lysis buffer
(1% NP-40, 150 mM NaCl, 50 mM Tris-HCl pH 8.5 10 mM EDTA, 10 mM NaF,
10 mM Na4P2O7, 0.4 mM Na3VO4) with freshly added protease inhibitors (10 μg/ml
leupeptin, 4 μg/ml pepstatin and 0.1 Unit/ml aprotinin). Lysates were centrifuged at
13 000 × g for 10 minutes at 4 °C and the supernatants were collected and assayed
for protein concentration with the Bradford assay method (Bio-Rad).
Proteins were separated by SDS-PAGE under reducing conditions. Following
SDS-PAGE, proteins were transferred to nitrocellulose, reacted with specific
antibodies and then detected with peroxidase-conjugate secondary antibodies and
chemioluminescent ECL reagent. Digital images were taken with the Bio-Rad
ChemiDoc Touch Imaging System and quantified using Bio-Rad Image Lab 5.2.1.
Measurement of TG2 activity in intact cells. TG2 activity was dete-
rmined by pre-incubating cells, cultured in 2D or as spheroids, with 1 mM 5-bio-
tinamido-pentylamine, a competitive amine substrate of TG2, for 2 or 24 h at 37 °C.
Cells were then washed in PBS and lysed with 1% NP-40 lysis buffer and protein
content in the supernatant was quantified. Western blot analysis was performed on
the cell lysate with peroxidase-conjugate streptavidin and ECL reagent.
RNA isolation and Real-time PCR. Total RNA was extracted using the
guanidinium thiocyanate method. Starting from equal amounts of RNA, cDNA used
as template for amplification in the real-time PCR (5 μg), was synthesized by the
reverse transcription reaction using RevertAid Minus First Strand cDNA Synthesis
Kit from Fermentas-Thermo Scientific (Burlington, ON, Canada), using random
hexamers as primers, according to the manufacturer’s instructions. Twenty
nanogram of cDNA were used to perform RT-PCR amplification of EPAS1 mRNA.
The primers sequences for EPAS1 were: Fw 5′-GGGGATCAGCGCACAGAGTT-3′
and Rev 5′-TGGGCTGACGACAGGCTGTA-3′; 18S RNA was simultaneously
amplified using the primers: Fw 5′-AAACGGCTACCACATCCAAG-3′ and Rev
5′-CCTCCAATGGATCCTCGTTA-3′. The real-time reverse transcription-PCR was
performed using the double-stranded DNA-binding dye SYBR Green PCR Master
Mix (Fermentas-Thermo Scientific) on an ABI GeneAmp 7000 Sequence Detection
System machine, as described by the manufacturer. The instrument, for each gene
tested, obtained graphical cycle threshold (Ct) values automatically. Triplicate
reactions were performed for each marker and the melting curves were constructed
using Dissociation Curves Software (Applied Biosystems, Foster City, CA, USA), to
ensure that only a single product was amplified. We used the isoform specific
oligonucleotide primers pairs designed by Phatak VM et al.32 to selectively amplify
TGM2 transcripts.
Statistical analysis. Statistical evaluation of the differential analysis was
performed by one-way ANOVA and Student’s t-test.
Conflict of Interest
The authors declare no conflict of interest.
Acknowledgements. Work was supported by Fondazione Buzzi Unicem
(Casale M to, Italy) (LM).
1. Ismail-Khan R, Robinson LA, Williams CC Jr, Garrett CR, Bepler G, Simon GR. Malignant
pleural mesothelioma: a comprehensive review. Cancer Control 2006; 13: 255–263.
2. Tsao AS, Wistuba I, Roth JA, Kindler HL. Malignant pleural mesothelioma. J Clin Oncol
2009; 27: 2081–2090.
TG2: a new target for human malignant pleural mesothelioma
S Zonca et al
6
Cell Death and Disease
3. Gilham C, Rake C, Burdett G, Nicholson AG, Davison L, Franchini A et al. Pleural
mesothelioma and lung cancer risks in relation to occupational history and asbestos
lung burden. Occup Environ Med 2016; 73: 290–299.
4. Kondola S, Manners D, Nowak AK. Malignant pleural mesothelioma: an update on diagnosis
and treatment options. Ther Adv Respir Dis 2016; 10: 275–288.
5. Vogelzang NJ, Rusthoven JJ, Symanowski J, Denham C, Kaukel E, Ruffie P et al. Phase III
study of pemetrexed in combination with cisplatin versus cisplatin alone in patients with
malignant pleural mesothelioma. J Clin Oncol 2003; 21: 2636–2644.
6. Van Meerbeeck JP, Gaafar R, Manegold C, Van Klaveren RJ, Van Marck EA, Vincent M et al.
Randomized phase III study of cisplatin with or without raltitrexed in patients with malignant
pleural mesothelioma: an intergroup study of the European Organisation for Research and
Treatment of Cancer Lung Cancer Group and the National Cancer Institute of Canada. J Clin
Oncol 2005; 23: 6881–6889.
7. Abdel-Rahman O, Kelany M. Systemic therapy options for malignant pleural mesothelioma
beyond first-line therapy: a systematic review. Expert Rev Respir Med 2015; 9: 533–549.
8. Lorand L, Graham RM. Transglutaminases: crosslinking enzymes with pleiotropic functions.
Nat Rev Mol Cell Biol 2003; 4: 140–156.
9. Gundemir S, Colak G, Tucholski J, Johnson GV. Transglutaminase 2: molecular Swiss
army knife. Biochim Biophys Acta 2012; 1823: 406–419.
10. Mastroberardino PG, Farrace MG, Viti I, Pavone F, Fimia GM, Melino G et al. ‘Tissue’
transglutaminase contributes to the formation of disulphide bridges in proteins of
mitochondrial respiratory complexes. Biochim Biophys Acta 2006; 1757: 1357–1365.
11. Mishra S, Murphy LJ. Tissue transglutaminase has intrinsic kinase activity: identification of
transglutaminase 2 as an insulin-like growth factor-binding protein-3 kinase. J Biol Chem
2004; 279: 23863–23868.
12. Mishra S, Saleh A, Espino PS, Davie JR, Murphy LJ. Phosphorylation of histones by tissue
transglutaminase. J Biol Chem 2006; 281: 5532–5538.
13. Wang Z, Collighan RJ, Gross SR, Danen EH, Orend G, Telci D et al. RGD-independent cell
adhesion via a tissue transglutaminase-fibronectin matrix promotes fibronectin fibril
deposition and requires syndecan-4/2 and α5β1 integrin co-signalling. J Biol Chem 2010;
285: 40212–40229.
14. Akimov SS, Belkin AM. Cell-surface transglutaminase promotes fibronectin assembly via
interaction with the gelatin-binding domain of fibronectin: a role in TGFbeta-dependent matrix
deposition. J Cell Sci 2001; 114: 2989–3000.
15. Schmitt JM, Abell E, Wagner A, Davare MA. ERK activation and cell growth require CaM
kinases in MCF-7 breast cancer cells. Mol Cell Biochem 2010; 335: 155–171.
16. Assi J, Srivastava G, Matta A, Chang MC, Walfish PG, Ralhan R. Transglutaminase 2
overexpression in tumor stroma identifies invasive ductal carcinomas of breast at high risk of
recurrence. PloS One 2013; 8: e74437.
17. Verma A, Guha S, Diagaradjane P, Kunnumakkara AB, Sanguino AM, Lopez-Berestein G,
et al. Therapeutic significance of elevated tissue transglutaminase expression in pancreatic
cancer. Clin Cancer Res 2008; 14: 2476–2483.
18. Kotsakis P, Wang Z, Collighan RJ, Griffin M. The role of tissue transglutaminase (TG2) in
regulating the tumour progression of the mouse colon carcinoma CT26. Amino Acids 2011;
41: 909–921.
19. Jeong JH, Cho BC, Shim HS, Kim HR, Lim SM, Kim SK et al. Transglutaminase 2 expression
predicts progression free survival in non-small cell lung cancer patients treated with epidermal
growth factor receptor tyrosine kinase inhibitor. J Korean Med Sci 2013; 28: 1005–1014.
20. Khanna M, Chelladurai B, Gavini A, Li L, Shao M, Courtney D et al. Targeting ovarian tumor
cell adhesion mediated by tissue transglutaminase. Mol Cancer Ther 2011; 10: 626–636.
21. Herman JF, Mangala LS, Mehta K. Implications of increased tissue transglutaminase (TG2)
expression in drug-resistant breast cancer (MCF-7) cells. Oncogene 2006; 25: 3049–3058.
22. Eckert RL, Kaartinen MT, Nurminskaya M, Belkin AM, Colak G, Johnson GV et al.
Transglutaminase regulation of cell function. Physiol Rev 2014; 94: 383–417.
23. Budillon A, Carbone C, Di Gennaro E. Tissue transglutaminase: a new target to reverse
cancer drug resistance. Amino Acids 2013; 44: 63–72.
24. Jang GY, Jeon JH, Cho SY, Shin DM, Kim CW, Jeong EM et al. Transglutaminase 2
suppresses apoptosis by modulating caspase 3 and NF-kappaB activity in hypoxic
tumor cells. Oncogene 2010; 29: 356–367.
25. Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on clinical outcome. Cancer
Metastasis Rev 2007; 26: 225–239.
26. Dhani N, Fyles A, Hedley D, Milosevic M. The clinical significance of hypoxia in human
cancers. Semin Nucl Med 2015; 45: 110–121.
27. WangGL, Jiang BH, Rue EA, SemenzaGL. Hypoxia-inducible factor 1 is a basic-helix-loop-helix-
PAS heterodimer regulated by cellular O2 tension.Proc Natl Acad Sci USA 1995; 92: 5510–5514.
28. Holmquist-Mengelbier L, Fredlund E, Löfstedt T, Noguera R, Navarro S, Nilsson H et al.
Recruitment of HIF-1alpha and HIF-2alpha to common target genes is differentially regulated in
neuroblastoma: HIF-2a promotes an aggressive phenotype. Cancer Cell 2006; 10: 413–423.
29. Koh MY, Lemos R Jr, Liu X, Powis G. The hypoxia-associated factor switches cells from
HIF-1{alpha}- to HIF-2{alpha}-dependent signaling promoting stem cell characteristics,
aggressive tumor growth and invasion. Cancer Res 2011; 71: 4015–4027.
30. Koh MY, Powis G. Passing the baton: the HIF switch. Trends Biochem Sci 2012; 37:
364–372.
31. Francis RJ, Segard T, Morandeau L, Lee YC, Millward MJ, Segal A et al. Characterization of
hypoxia in malignant pleural mesothelioma with FMISO PET-CT. Lung Cancer 2015; 90:
55–60.
32. Phatak VM, Croft SM, Rameshaiah Setty SG, Scarpellini A, Hughes DC, Rees R et al.
Expression of transglutaminase-2 isoforms in normal human tissues and cancer cell lines:
dysregulation of alternative splicing in cancer. Amino Acids 2013; 44: 33–44.
33. Meijer TW, Kaanders JH, Span PN, Bussink J. Targeting hypoxia, HIF-1, and tumor glucose
metabolism to improve radiotherapy efficacy. Clin Cancer Res 2012; 18: 5585–5594.
34. Brown JM, Wilson WR. Exploiting tumour hypoxia in cancer treatment. Nat Rev Cancer
2004; 4: 437–447.
35. Patel A, Sant S. Hypoxic tumor microenvironment: opportunities to develop targeted
therapies. Biotechnol Adv 2016; 34: 803–812.
36. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer 2003; 3: 721–732.
37. Warfel NA, El-Deiry WS. HIF-1 signaling in drug resistance to chemotherapy. Curr Med
Chem 2014; 21: 3021–3028.
38. Manente AG, Pinton G, Zonca S, Cilli M, Rinaldi M, Daga A et al. Intracellular lactate-
mediated induction of estrogen receptor beta (ERβ) in biphasic malignant pleural
mesothelioma cells. Oncotarget 2015; 6: 25121–25134.
39. Wang Z, Griffin M. TG2, a novel extracellular protein with multiple functions. Amino Acids
2012; 42: 939–949.
40. Nurminskaya MV, Belkin AM. Cellular functions of tissue transglutaminase. Int Rev Cell Mol
Biol 2012; 294: 1–97.
41. Huang L, Xu AM, Liu W. Transglutaminase 2 in cancer. Am J Cancer Res 2015; 5:
2756–2776.
42. Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr Opin Genet Dev
2010; 20: 51–56.
43. Bergamini CM, Collighan RJ, Wang Z, Griffin M. Structure and regulation of type 2
transglutaminase in relation to its physiological functions and pathological roles. Adv
Enzymol Relat Areas Mol Biol 2011; 78: 1–46.
44. Badarau E, Mongeot A, Collighan RJ, Rathbone DL, Griffin M. Imidazolium-based warheads
strongly influence activity of water-soluble peptidic transglutaminase inhibitors. Eur J Med
Chem 2013; 66: 526–530.
45. Fisher ML, Adhikary G, Xu W, Kerr C, Keillor JW, Eckert RL. Type II transglutaminase
stimulates epidermal cancer stem cell epithelial-mesenchymal transition. Oncotarget 2015;
6: 20525–20539.
46. Kumar A, Xu J, Sung B, Kumar S, Yu D, Aggarwal BB et al. Evidence that GTP-binding
domain but not catalytic domain of transglutaminase 2 is essential for epithelial-to-
mesenchymal transition in mammary epithelial cells. Breast Cancer Res 2012; 14: R4.
47. Badarau E, Wang Z, Rathbone DL, Costanzi A, Thibault T, Murdoch CE et al. Development
of potent and selective tissue transglutaminase inhibitors: their effect on TG2 function and
application in pathological conditions. Chem Biol 2015; 22: 1347–1361.
48. Griffin M, Mongeot R, Collighan R, Saint RE, Jones RA, Coutts IG et al. Synthesis of potent
water-soluble tissue transglutaminase inhibitors. Bioorg Med Chem Lett 2008; 18:
5559–5562.
49. Phung YT, Barbone D, Broaddus VC, Ho M. Rapid generation of in vitro multicellular
spheroids for the study of monoclonal antibody therapy. J Cancer 2011; 2: 507–514.
Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is
licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
r The Author(s) 2017
Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)
TG2: a new target for human malignant pleural mesothelioma
S Zonca et al
7
Cell Death and Disease
